by detailed room temperature (RT) X-ray crystallography and temperature dependent magnetic susceptibility studies, both under a range of 10 different pressures. The pressure effects are shown to be reversible. The crystal structure of the pressure-induced low-spin state is determined at RT at 0.42(2) and 1.78 (9) GPa. At the highest pressure [1.78(9) GPa] the Co-N bond lengths are consistent with the complex being fully LS, and the conjugated terdentate ligands are significantly distorted out of plane. The abrupt SCO event can be shifted up to RT by application of a hydrostatic pressure of ∼0.4 GPa. These magnetic susceptibility (vs. temperature) and X-ray crystallography (at RT) studies, under a range of pressures, show that the SCO can be tuned over a wide range of temperature and pressure space, including RT SCO.
Introduction
When the ligand field in octahedral d 4 -d 7 transition metal complexes is in the 'Goldilocks' zone, not too big and not too small, the application of an external stimulus can cause the complex to switch between the low spin (LS) and high spin (HS) states, an event known as spin crossover (SCO). [1] [2] [3] [4] [5] [6] [7] The types of stimuli employed include temperature, 2, 3, 7 pressure, 6, [8] [9] [10] light irradiation, 11, 12 variation in external magnetic field, 13 and the presence or absence of a guest. 14 The most commonly studied of these is temperature, which is also the simplest experimentally. Here, we focus on the use of a change in pressure to induce SCO (usually increased pressure favors the smaller volume LS state). 2, 9 Pressure is a relatively uncommonly employed stimulus that has mainly been applied to iron(II) systems, mostly because (a) this is the most common class of SCO-active complexes and (b) iron(II) is expected to show the greatest change in M-L bond lengths on SCO. 2, 4, 7 In contrast, there is only a handful of studies of the effect of pressure on SCO in cobalt(II) systems -excluding valence tautomerism as it also involves redox 15 (i.e. considering only 'true' cobalt(II) SCO 1, 2, 16 ) -all of which were probed only by spectroscopic methods (infrared, Raman or X-ray absorption). 17 This includes our Raman spectroscopy study of the hysteretic spin transition (ST) of [Co II (dpzca) 2 ] ( Fig. 1 ; dpzca = N-(2-pyrazylcarbonyl)-2-pyrazinecarboxamide) under pressure, which showed that the application of ∼0. 4 GPa induced SCO at ambient temperature. 18 Single crystal X-ray or neutron structure determinations of metal complexes under pressure are very informative but also challenging experimentally and have been limited to a handful of iron(II) complexes 10, 19, 20 and a single manganese (III) example. 21 The pressure-induced LS structure has only been reported in four of those studies, all concerning iron(II). 10, 19 This is despite interest in probing the similarities and differences between the structures of the pressure-induced and temperature-induced LS states, 22 especially for metal ions which undergo anisotropic M-L changes (Jahn Teller), such as cobalt(II). Rather than full structure determinations, the effect of pressure is more commonly followed crystallographically by monitoring changes to the unit cell constants. Such studies also include those on a variety of minerals, including examples of cobalt(III) spin crossover, 23 something which is extremely rare in cobalt(III) coordination complexes. 24 The combination of detailed crystal structure and magnetic studies of SCO behaviour for any coordination complex under pressure is rare, 10, 19, 20 and is without precedent in cobalt(II)
SCO. The present study, monitoring both the structure and the magnetism of [Co II (dpzca) 2 ] under pressure, gives unique insight into the interplay between phase transition and hysteretic ST, and shows that we can tune the abrupt ST over a wide region of temperature and pressure space, including room temperature (RT). At ambient pressure the room temperature HS phase of [Co II (dpzca) 2 ] is tetragonal (I4 1 /a) with a quarter of the complex forming the asymmetric unit, whereas the thermally induced LS phase is monoclinic (P2 1 /c) with the entire complex forming the asymmetric unit at 100 K. 18 In both cases there are 4 complexes per unit cell. This phase transition is the likely cause of the observed abrupt spin transition with thermal hysteresis (Fig. 1 ).
Results and discussion
Unit cell constants vs. pressure at RT
The hydrostatic pressure on a single crystal was ramped in 10 steps from ambient to 1.8 GPa and back to ambient, monitoring the unit cell dimensions, at room temperature (293 K). A plot of the resulting cell constants (Fig. 2) , and of the unit cell volume (Fig. S1 †) , as a function of pressure reveals a discontinuity at ca. 0.4 GPa in both cases, consistent with a phase transition from the HS I4 1 /a space group to the LS P2 1 /c space group occurring at this pressure (at 293 K, Table 1 ).
Single crystal structure determinations under pressure at RT
In the structure of [Co II (dpzca) 2 ] at ambient pressure, 18 the average Co-N bond length in the HS, 298 K structure is 2.11 Å, whereas in the LS, 90 K structure it is 2.05 Å, with four short equatorial bonds, and two long axial bonds to the pyrazine nitrogen atoms on the second ligand strand (Table 1) .
Here we report single crystal structure determinations carried out at pressures of 0.42(2) GPa, and at 1.78(9) GPa, at room temperature (Fig. S2 , † Table 1 ). The Co-N bond lengths in the structure at 0.42 GPa (293 K) are similar to those for the temperature-induced LS state, except that those involving the first ligand strand are slightly longer (Table 1) , consistent with the presence of some residual HS character. When the pressure is increased further to 1.78 GPa (293 K), the Co-N bond lengths are more clearly indicative of the complex being fully LS cobalt(II), with the Jahn-Teller distortion resulting in an equatorial plane of four short bonds (1.89-1.94 Å) and two Table 1 ).
Within the equatorial plane, the shortest Co-N bonds now involve the two trans N Pz atoms on the first ligand strand, rather than the two trans imide nitrogen donors (N Im ) as is seen in the other three structures (Table 1) . Overall this results in an average Co-N bond length of just 1.99 Å and in a unit cell volume 14% smaller than for the 298 K ambient pressure structure and also nearly 10% smaller than for the 90 K ambient pressure mostly LS structure. These pressure-induced structural changes are reversible (Table S2 , Fig. S3 †) . At 1.78 GPa, the pressure is causing significant distortions to the complex (Fig. 3 ). These are correlated to the substantially different pressure sensitivity of the a and c axes, which were equivalent in the HS tetragonal crystal system (making the tetragonal b axis unique for ease of comparison with the monoclinic LS structures). The Co-N(11) and Co-N(15) bonds (Jahn-Teller axis) lie almost parallel to the a-axis and are almost unchanged over the range 0.43-1.78 GPa, whereas the Co-N(1) and Co-N(5) bonds lie almost parallel to the more compressible c-axis and are considerably shortened over this pressure range (Table 1) .
Magnetic susceptibility vs. pressure and temperature
The pressure dependence of the hysteretic ST in [Co II (dpzca) 2 ]
was also monitored by variable-temperature magnetic susceptibility (Fig. 4) . The hydrostatic pressure was taken from ambient pressure to 0.43(2) GPa in 10 steps, then back to ambient. The effect of pressure on the magnetic behaviour of [Co II (dpzca) 2 ] is completely reversible (Fig. S6 †) .
As expected, 26 the SCO event is shifted to higher temperatures with increased hydrostatic pressure (Fig. 4) . However, the single-step abrupt ST observed at ambient pressure ( Fig. 1 ) is split into two distinct processes as the hydrostatic pressure is increased from 0 to 0.43(2) GPa (Fig. 4) : an abrupt ST, which is hysteretic at low pressures, and a gradual, Boltzmann-like SCO. As the pressure is increased, less of the material undergoes the abrupt ST, and instead more of it undergoes gradual SCO. We propose that the gradual process is associated with lengthening (on heating; or shortening on cooling) of the LS Co-N bonds whilst remaining in the space group P2 1 /c, Table 1 Crystal system, space group, unit cell volume (Å 3 ), selected Co-N bond lengths (Å), N-Co-N angles (°), and octahedral distortion parameters (°) at ambient pressure (1 × 10 −4 GPa; 298 and 90 K), 18 and at 0.42(2) GPa and 1.78(9) GPa (293 K). text highlights fully HS; text highlights fully LS; text highlights the almost constant pair of trans 'long' axes across all structures a Note the non-standard setting to facilitate comparison to the monoclinic form. Symmetry-generated distances are shown for clarity. See also footnote to Fig. 2 . b Octahedral distortion parameter (0 for perfect O h ) is the sum of the deviation of the twelve cis N-Co-N angles from 90°. c ∑ 4 Sum of the deviation of the four cis pyrazine-Co-pyrazine angles from 90°.
d Tetragonality factor T is ratio of average equatorial over average axial Co-N bond length (compressed T > 1; elongated T < 1). 25 Note: for the purpose of these calculations the equatorial plane is kept constant, comprising the first four bonds in the above table. GPa LS structure, compared to just 3.3°in the low temperature LS structure. This also distorts the octahedron significantly (Table 1) , which is best identified by looking at the ∑ 4 , rather than the ∑ 12 where the effect is diluted by the other (relatively unchanged) cis angles, and even more clearly by the tetragonality factor T which shows maximum axial elongation of the octahedron at 1.78 GPa, consistent with this being fully LS, hence showing maximum Jahn Teller distortion.
whereas the abrupt process is associated with the crystallographic phase transition 27 between P2 1 /c and I4 1 /a (Table S1 †) .
This hypothesis is supported by the literature examples of thermally induced cobalt(II) SCO, where, to the best of our knowledge, abrupt and hysteretic SCO is always accompanied by a crystallographic phase transition (Table S3 †) . 5 The application of pressure to [Co II (dpzca) 2 ] induces the phase transition at higher temperatures, so the associated abrupt SCO event shifts to higher temperatures, and the fraction of HS material undergoing this abrupt ST decreases as the pressure increases. This in turn leads to a somewhat less abrupt event, due to dilution of the remaining SCO centres by HS centres. At ambient pressure and high temperatures the cobalt(II) centres can be thought of as 'locked in' the HS state (by lattice 'negative pressure' effects 28 ) until the temperature is low enough to induce the phase transition. The previously reported Raman spectroscopy results under pressure at room temperature 18 are consistent with these observations, showing some mixed HS/LS character over a range of moderate pressures rather than a single complete ST [0.32(5)-0.49(5) GPa, Table 2 and Fig. S7 †] . Given the different pressure cells, gauges and resolutions used in these three very different high-pressure experiments, these data are in good agreement.
When T 1/2 ↑ and T 1/2 ↓ are defined as the midpoints of the abrupt section of the SCO, there are two distinct regions in their pressure dependence (Fig. 5) . Firstly, below a 'threshold pressure' there is no shift in the T 1/2 values, which may be the consequence of some lattice compressibility (i.e. at low pressures the lattice acts as a 'shock absorber') such that it is not 'felt' by the cobalt(II) centre via a shortening of the Co-N bonds. 29 Secondly, above the threshold pressure the T 1/2 value increases with pressure, as predicted by the Clausius-Clapeyron relationship. 26 Projecting to higher pressure one can see that eventually the structural phase transition will no longer involve a change in HS : LS fraction, as at the temperature of this transition the monoclinic phase will be entirely in the HS state. We expect this to occur when P ≥ 0.75 GPa at a temperature exceeding about 500 K. This is outside our current measurement capability. The information gained from this study gives one the ability to tune the T 1/2 of [Co II (dpzca) 2 ] spin transition across a wide region of temperature and pressure space (Fig. 6) , including the capability to induce spin crossover at room temperature.
Conclusions
In summary, these magnetic measurements, Raman and crystallographic data give unique insight into the interplay between phase transitions and hysteretic SCO, and are consistent with the abrupt SCO event being intimately associated with the crystallographic phase transition from I4 1 /a to P2 1 /c. The application of pressure shifts this phase transition to higher temperatures, removing the barrier to SCO at low temperatures, and therefore allowing the observation of the previously (2) Mixed HS/LS 1.78 (9) LS unresolved underlying gradual SCO. Relative to the 90 K ambient pressure mostly LS structure, the RT 1.78 GPa structure accommodates the pressure by becoming completely LS with shortened Co-N bond lengths and with considerable distortion of the conjugated ligand.
Experimental section
The ligand Hdpzca, and powder and single crystal samples of [Co II (dpzca) 2 ], were prepared as described previously.
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Isobaric variable temperature magnetic susceptibility measurements 30 This is a cylindrical hydrostatic pressure cell of 8.8 mm diameter made of non-magnetic BeCu outer body. The sample is loaded in a 7 mm long Teflon capsule along with, optionally, a piece of high-purity Pb as pressure manometer and Fluorinert FC70:77 pressure medium. The cell is loaded at room temperature and the pressure is calibrated at low temperature from the superconducting transition temperature of Pb. The width of the Pb transition is a measure of pressure inhomogeneity along the Pb manometer and it is ±0.02 GPa.
In addition the pressure is determined at ambient temperature from the force on the cell when it is initially loaded and clamped in a press. Since the pressure cell has been very well calibrated with a Pb standard 30 the measurements on [Co II (dpzca) 2 ] were carried out without using an internal pressure standard. Whilst there will be some pressure change from the initial loading due to the differential thermal contraction between the metallic components and the transmitting medium when the pressure cell is cooled, the effects of this are minimal: typically the pressure variation as a function of temperature over a 6-300 K range, with Pb and F70:77 pressure medium in the cell, is ±4%. For susceptibility measurements, the cell background was determined by doing 'dummy runs' at 1 T magnetic field and the same temperature sweep rate of 1 K min −1 , with the pressure cell containing only the pressure medium, at ambient and 0.45 GPa. The possibility of an experimental artifact, such the presence of air bubble, causing the observation of the 'threshold pressure' effect ( Fig. 5) is ruled out. A well-practiced standard procedure was followed when loading the sample with the pressure medium, in order to avoid any possibility of a trapped air bubble. If, despite the care taken, air bubbles were present then the manometer would show no shift in T c at that load. As a further check of this threshold pressure, a couple of the pressure steps were repeated, in two different experiments, and the results were found to be consistent. Finally, the pressure cell has been very well calibrated with both Pb and high purity Sn. Some of the repeat experiments were done without internal manometer. The pressure was determined from the previously calibrated fit with applied load using the Sn manometer.
Variable temperature magnetic dc susceptibility was measured by Dr Suresh Narayanaswamy on a Quantum Design MPMS5 SQUID magnetometer with an applied magnetic field of 1 T at the Robinson Research Institute. The variable temperature data were measured at a sweep rate of 1 K min −1 and were corrected for thermal lag by adjusting the measured temperature to
for equal values of χ outside the spin transition where the susceptibility is featureless, reversible and more or less linear in temperature. Extensive studies over a broad range of sweep rates confirm that this rigid shift approach to thermal lag is accurate and reliable.
High pressure X-ray crystallography
Data were collected on beamline 12.2.2 of the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, by Dr Simon Clark and Dr Przemyslaw Dera. 31 This beamline benefits from hard X-radiation produced by an ALS superbend magnet. This beamline is equipped with a set of brightness preserving optics, which focuses the X-ray beam to a virtual source point mounted on the experimental table inside the X-ray safety enclosure. The beam diverges from this source point and is then focused to a 10 × 10 μm spot by a set of Kirkpatrick-Baez mirrors. A pair of silicon crystals, mounted in the synchrotron beamline, cut parallel to the (111) direction is used to select a single X-ray wavelength. For these measurements we selected an X-ray energy of 30 keV (0.4133 Å) so as to minimise absorption in the diamonds of our high-pressure cell and to maximise the d-spacing coverage of our data. X-ray diffraction images were collected using a MAR345 image plate detector. The distance from the sample to the detector was calibrated using the NIST LaB6 standard. High-pressures were generated using a symmetrical four-post type diamond anvil cell (DAC) designed explicitly for single crystal measurements. The DAC is equipped with Boelher cut diamond anvils of 0.4 mm culet. 32 This gives an opening angle of ±30°two-theta. Gaskets were prepared by pressing 300 µm rhenium foil in the DAC to give a 70-100 µm thick indent. Gaskets holes of 200 µm diameter were cut using an automated laser cutting system. One or two crystals were loaded into the gasket hole together with a few 20 µm ruby spheres, for pressure determination, and a methanol : ethanol : water mixture (16 : 3 : 1) which acted as the pressure transmitting fluid. Pressure was determined using the ruby fluorescence method. 33 The fluorescence lines were found to be symmetric throughout all of our measurements implying that hydrostatic conditions were maintained. Pressure was measured before and after each measurement and found to vary by less than the calibration error (±5%). 34 Data were collected in 1 degree slices from −30 to 30 degrees. The data were processed using the GSE-ADA and RSV packages 35 to find the orientation matrices and produce sets of structure factors, as intensities I hkl with their associated estimated standard deviations. At 30 keV both the sample and the diamond absorptions are fairly negligible, and were accounted for by intensity data scaling using the GSE_ADA software 35 [by fitting a polynomial function dependent on the angle between incident and diffracted beams with respect to the DAC axis to minimise R(int)]. The structures were refined using the SHELX package.
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The X-ray data sets collected, on two different crystals, at 0.42(2) and 1.78(9) GPa, were both highly redundant and equivalent reflections merged very well, but in the case of the 1.78 GPa measurement the data set was ineluctably incomplete due to unfortunate crystal orientation. Crystallographic data for the room temperature structures, at 0.42(2) and 1.78(9) GPa, have been deposited with the Cambridge Crystallographic Data Centre, CCDC 1404670-1404672.
